Abstract. Polymerase (Pol) III-dependent transcription controls the abundance of transfer RNAs, 5S ribosomal RNA and small non-coding RNAs within cells, and is known to serve an essential role in the maintenance of intracellular homeostasis. However, its contribution to cancer progression has not been extensively explored. The present study demonstrated that the evolutionarily conserved MAF1 homolog, negative regulator of RNA Pol III (MAF1) may be closely associated with malignant potential and poor prognosis in colorectal cancer (CRC). Notably, immunohistochemical analysis of 146 CRC surgical specimens revealed that high expression levels of MAF1 were associated with advanced tumor depth, lymph node metastasis, distant metastasis and poor prognosis. In vitro loss-of-function assays revealed that MAF1 knockdown suppressed chemoresistance and migration of CRC cancer cells. Furthermore, detailed analysis of an independent CRC dataset (n=615) demonstrated that the prognostic impact of MAF1 gene expression was particularly marked in microsatellite instability (MSI)-positive patients, who benefit from immune checkpoint blockade. High expression levels of MAF1 were revealed to be an independent prognostic indicator in MSI-positive CRC. These findings suggested that MAF1 may have an essential role in CRC progression, particularly in MSI-positive cases.
Introduction
Colorectal cancer (CRC) is the third most common type of cancer in men and the second most common in women worldwide; every year, ~1.4 million new cases of CRC are diagnosed and it is responsible for ~700,000 cases of mortality (1, 2) . Although screening and multidisciplinary treatment has improved therapeutic outcomes in several countries, due to its high incidence, CRC remains a major healthcare challenge worldwide. Therefore, specific biomarkers for predicting treatment outcomes, as well as key target molecules responsible for cancer progression, need to be identified.
Transcriptional activity is frequently dysregulated in cancer, due to genomic and epigenetic alterations. Polymerase (Pol) II is responsible for the transcription of mRNAs, including oncogenes, and other Pol enzymes, including Pol I and III, are also involved in cancer progression via ribosomal RNA (rRNA) and transfer RNA (tRNA) biosynthesis (3, 4) . Although transcription of protein-coding genes is Pol II-dependent, oncogenes and tumor suppressors, including MYC, phosphoinositide 3-kinase and phosphatase and tensin homolog directly or indirectly activate or inhibit transcription by Pol I and III, thus resulting in altered rRNA production, which is required for rapid cell growth (5) .
The present study focused on MAF1 homolog, negative regulator of RNA Pol III (MAF1). Although MAF1 has been demonstrated to inhibit Pol III-dependent transcription, a certain number of Pol II-dependent genes are also considered to be important targets of this gene (6, 7) . For example, previous studies demonstrated a conserved function of MAF1 in the maintenance of intracellular lipid pools, through regulation of fatty acid synthase and acetyl-coA carboxylase expression (8, 9) . These findings suggest that MAF1 may not only be involved in a cell growth through rRNA-and tRNA-mediated post-transcriptional regulation, but may also affect various biological and pathological processes, including malignant potential of cancer.
Previous studies have reported the tumor suppressive effect of MAF1 in certain solid malignancies (7, 8, 10) . However, the clinical significance has not been investigated in CRC, which has a different genetic background and immune environment. The present study used surgical specimens and a large-scale, multi-layered open database to investigate the clinical significance of MAF1 in CRC. Furthermore, the association between MAF1 expression in cancer cells and tumor immunity, which is an important factor for predicting prognosis, was explored. RNA interference. Two types of MAF1-specific small interfering RNA (siRNA; Sigma-Aldrich; Merck KGaA) were used to knockdown MAF1 mRNA. MAF1 siRNAs, or the negative control siRNA, were transfected into RKO and HCT-116 cells, which were seeded at 2x10 5 cells/well in a 2-ml volume in 6-well flat-bottomed microtiter plates, at a final concentration of 50 nM using Lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). These cells were maintained at 37˚C in a humidified incubator containing 5% CO 2 for 48 h, according to the manufacturer's protocol. The sequences of siRNAs against MAF1 were as follows: #1, CCACGCUCAAUGAGU CCUUTT; #2, GGCUCAAGCGAAUCGUCUUTT. The MISSION ® siRNA Universal Negative Control (cat. no. SIC001; Sigma-Aldrich; Merck KGaA) was used as a negative control siRNA.
Involvement of MAF1 homolog
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from cultured cells using TRIzol ® RNA Isolation Reagents (Invitrogen; Thermo Fisher Scientific, Inc.) 48 h post-transfection as previously described (12) . RNA quality was confirmed (RNA concentration >0.5 µg/µl and optical density 260/280=1.8-2.0). cDNA was synthesized from 10 ng total RNA using the ReverTra ® Ace qPCR RT Master Mix (Toyobo Life Science, Osaka, Japan), according to the manufacturer's protocol. qPCR was performed using a LightCycler ® 2.0 system (Roche Applied Science, Penzberg, Germany) and LightCycler ® FastStart DNA Master SYBR Green I (Roche Applied Science). The amplification conditions were as follows: Initial denaturation at 95˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 10 sec, annealing at 60˚C for 10 sec and extension at 72˚C for 10 sec. Data were normalized to the expression of GAPDH, which was used as an internal control for each experiment. The following primers were used: MAF1, sense 5'-ctcacagctgactgtggagact-3', antisense 5'-aacatgtgtttgtcgtctc ctg-3'; and GAPDH, sense 5'-agccacatcgctcagacac-3' and antisense 5'-gcccaatacgaccaaatcc-3'.
Immunohistochemical staining. Protein expression levels of MAF1 were assessed by immunohistochemical staining of the 146 CRC specimens. The anti-MAF1 rabbit antibody (cat. no. HPA058548; Atlas Antibodies AB, Bromma, Sweden) and VECTASTAIN ® Elite ABC Rabbit Immunoglobulin G kit (cat. no. PK-6101; Vector Laboratories, Inc., Burlingame, CA, USA) were used for immunohistochemical staining, according to the manufacturer's protocol. Specimens were fixed in 10% buffered formalin overnight at room temperature, processed through graded ethanol solutions and embedded in paraffin. Tissue sections (3.5 µm) were prepared from paraffin-embedded blocks. Following antigen retrieval in 10 mM citrate buffer (pH 6.0) at 115˚C for 15 min using Decloaking Chamber™ NxGen (Biocare Medical, Pacheco, CA, USA), and the slides were incubated overnight at 4˚C with the primary antibody at 1:300 dilution, followed by incubation at room temperature for 30 min with the secondary antibody at 1:200 dilution. With reference to the Human Protein Atlas (image available from v18.proteinatlas. org/ENSG00000179632-MAF1/tissue/esophagus#img), an intensity score of 2 was assigned to nuclei stained as intensely as normal esophageal mucosa, whereas unstained nuclei were assigned a score of 0. Nuclei that exhibited weaker staining than normal esophageal mucosa were assigned a score of 1. In the subsequent analysis, a score of 0 was defined as the MAF1-negative group, and a score of 1 or 2 was defined as the MAF1-positive group. Staining was reviewed by three independent pathologists without the knowledge of patient outcomes. The specimens were visualized on the light field of a confocal microscope BZ-X710 (Keyence Corporation, Osaka, Japan) and were analyzed using a BZ-X analyzer (v. 1.3.0.3; Keyence Corporation).
Scratch wound healing assay. Cells were seeded at a density of 5x10 5 cells/well in 6-well plates and were grown to confluence under standard conditions. Briefly, a scratch was generated in the cell layer using a 200-µl pipette tip, and the cells were cultured under standard conditions in DMEM supplemented with only 1% FBS to prevent proliferation. Plates were washed with DMEM supplemented with 1% FBS to remove non-adherent cells prior to image capture. Images were captured at 0, 24 and 48 h after scratch generation using a confocal microscope BZ-X710 (Keyence Corporation) and were analyzed using a BZ-X analyzer (v. 1.3.0.3; Keyence Corporation). Cell migration was evaluated by measuring the average distance between the wound edges at 10 random areas.
Chemosensitivity assay. Cells were seeded at a density of 4x10 3 cells/well in 96-well plates and were precultured for 24 h. Subsequently, the cells were exposed to various concentrations of 5-fluouracil (5-FU; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) and oxaliplatin (L-OHP; Yakult Honsha Co., Ltd., Tokyo, Japan) at 37˚C in a humidified incubator containing 5% CO 2 for 72 h. The in vitro cytotoxic effects of 5-FU and L-OHP were evaluated using the Cell Counting kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer's protocol. The half maximal inhibitory concentration values were calculated from the viability data of CRC cells treated with each concentration of L-OHP. The results were analyzed using Bioconductor package 'drc' (https://cran.r-project.org/web/packages/drc/index.html) with default settings; this package uses non-linear regression models.
Western blot analysis. Total proteins were extracted from cultured cells using radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors (Thermo Fisher Scientific, Inc.) and concentration was determined using the bicinchoninic acid method. Briefly, 15 µg proteins were separated by 10% SDS-PAGE and were electroblotted onto polyvinylidene fluoride membranes (Merck KGaA, Darmstadt, Germany) at 300 mA for 60 min. After blocking with 3% skim milk at room temperature for 1 h, these membranes were incubated with primary antibodies against MAF1 (cat. no. HPA058548; Atlas Antibodies AB), poly (ADP-ribose) polymerase (PARP), cleaved PARP, caspase-3, cleaved caspase-3 (apoptosis antibody sampler kit; cat. no. 9915; Cell Signaling Technology, Inc., Danvers, MA, USA) and actin (cat. no. A2066; Sigma-Aldrich; Merck KGaA) at 4˚C overnight. After incubating with secondary antibodies (1:100,000; cat. no. NA934; GE Healthcare, Little Chalfont, UK), the protein bands were detected using the Amersham Enhanced Chemiluminescence Prime Western Blotting Detection Reagent (GE Healthcare).
Data processing. Experiments were conducted in triplicate, and data are presented as the means ± standard deviation. The Cancer Genome Atlas (TCGA) mRNA expression data and clinical information were downloaded from the GDAC Firehose website (http://gdac.broadinstitute.org); the colorectal adenocarcinoma data set (COADREAD) (n=615) was used. Regulatory T cell (Treg) infiltration in each sample was calculated using CIBERSORT (http://cibersort. stanford.edu) (13, 14) . R programming language v3. 5 
Results
High MAF1 expression is associated with advanced clinicopathological factors and poor prognosis. Of the 146 CRC cases, 97 cases were classified as MAF1-positive (52 cases with strong staining and 45 cases with weak staining), whereas 49 cases were classified as the MAF1-negative (Fig. 1A) . A clinicopathological analysis demonstrated that high MAF1 expression was associated with tumor malignancy, including tumor depth, lymph node metastasis, distant metastasis and a poorer cancer stage (Table I) . Kaplan-Meier curves for OS (n=146) and RFS (n=130) revealed that the MAF1-positive group exhibited a significantly poorer prognosis (P= 0.0123) and higher relapse rate (P=0.0132) compared with the MAF1-negative group (Fig. 1B and C) . Univariate analysis indicated that tumor depth, lymph node metastasis, lymphatic invasion, venous invasion and MAF1 expression were prognostic factors for overall survival, whereas multivariate analysis revealed that tumor depth, lymph node metastasis and venous invasion were independent prognostic factors (Table II) .
MAF1 expression is associated with the malignant potential of CRC cells.
To elucidate how MAF1 contributes to the malignant potential of CRC, in vitro loss-of-function assays were Examples of strong intensity, weak intensity and negative staining are presented. Scale bar, 100 µm. Negative staining was defined as the MAF1-negative group, whereas strong and weak staining was defined as the MAF1-positive group. Kaplan-Meier curves for (B) overall survival and (C) recurrence-free survival, according to MAF1 expression status in patients with CRC. CRC, colorectal cancer; MAF1, MAF1 homolog, negative regulator of RNA polymerase III. Table II . Univariate and multivariate analyses of overall survival in patients with colorectal cancer (Cox regression model). performed using RNA interference. HCT-116 and RKO CRC cell lines were used for MAF1knockdown experiments, since they exhibited relatively high expression levels of MAF1 in the CRC cell lines investigated ( Fig. 2A) . Knockdown efficiency was confirmed using RT-qPCR and western blotting (Fig. 2B) . Subsequently, MAF1 knockdown significantly inhibited the migratory ability of HCT-116 and RKO cells (Fig. 2C) , whereas proliferation rate was not affected (data not shown).
Univariate analysis Multivariate analysis -----------------------------------------------------------------------------------------------------------------------------------
To further investigate the involvement of MAF1 in CRC progression, the association between drug resistance of cancer cells and MAF1 expression was explored. The results from the chemosensitivity assay revealed that knockdown of MAF1 significantly improved chemosensitivity to L-OHP, which is one of the standard chemotherapy drugs used to treat CRC (Fig. 3A) , whereas chemosensitivity to 5-FU was not affected (data not shown). Western blotting was performed to confirm the enhanced induction of apoptosis in MAF1-knockdown cells treated with L-OHP. Knockdown of MAF1 markedly enhanced the expression of cleaved PARP and caspase-3 in L-OHP-treated cells, thus demonstrating that MAF1 may be critically involved in the avoidance of CRC cell apoptosis following exposure to cytotoxic agents (Fig. 3B) .
High MAF1 expression is associated with poor prognosis in CRC with microsatellite instability (MSI).
To further evaluate the clinical significance and prognostic impact of MAF1 expression in CRC, the present study analyzed a large-scale CRC dataset from TCGA (n=615), which consisted of 87 MSI-positive cases and 528 non-MSI cases. Since Pol III activity is closely associated with immune response in various cell types (15, 16) , this study focused on MAF1 expression and MSI status, which strongly affects activation of tumor immunity. 'MSI-high' samples were considered MSI-positive, whereas all other samples were categorized in the non-MSI group; this is because of the differences in clinical and immunological behaviors between MSI-high tumors and other tumors (17, 18) . In the subgroup analysis using MSI status information, the prognostic impact of MAF1 was significantly higher in MSI-positive cases (P=0.00845) compared with all cases (P=0.0146) or non-MSI cases (P=0.157) (Fig. 4A-C) . Multivariate analysis of MSI-positive cases (n=87) indicated that high MAF1 expression was an independent prognostic factor for overall survival (Table III) . To further investigate the association between MAF1 expression and the immune Table III . Univariate and multivariate analyses of overall survival in MSI cases using The Cancer Genome Atlas dataset (Cox regression model).
Univariate analysis
Multivariate analysis microenvironment, bioinformatics analysis was performed using CIBERSORT (13, 14) . CIBERSORT is a computational program used to predict the relative contribution of each immune cell type in a mixed cell population using transcriptome data (13, 14) . A mild correlation between MAF1 expression and Treg infiltration was detected (Fig. 4D) , and the extent of Treg infiltration was significantly higher in the MAF1 high expression group in the TCGA dataset (P<0.0001; Fig. 4E ).
Discussion
The present used two independent datasets and demonstrated that high MAF1 expression may be closely associated with cancer progression in patients with CRC. The results of clinicopathological analysis revealed that high MAF1 expression was highly associated not only with tumor depth, but also with lymph node and distant metastasis, thus suggesting that MAF1 may contribute to metastatic ability. In addition, in vitro analyses revealed that MAF1 inhibition significantly suppressed the migratory ability of CRC cells. MAF1 knockdown also rendered cancer cells more sensitive to a chemotherapeutic agent. In the present analysis, MAF1 was significantly highly expressed in patients with stage III and IV cancer; these patients have been reported to benefit from standard chemotherapy (19) . Therefore, the MAF1 gene may be a useful biomarker, as well as therapeutic target, for patients receiving chemotherapy. However, further in vivo investigation is required to fully confirm the improvement of chemoresistance to L-OHP by knockdown of MAF1 expression. High MAF1 expression was not considered an independent prognostic indicator in all patients with CRC, whereas analysis of an MSI-positive population clearly demonstrated that MAF1 was a significant independent prognostic indicator. These findings suggested that the prognostic value of MAF1 expression may be particularly important in MSI-positive patients.
Although MAF1 expression has been reported to suppress cancer proliferation through negative regulation of Pol III-mediated transcription in some cell lines, the malignant potential of MAF1, including its effects on chemoresistance, have not been sufficiently explored. Cellular stress, which can cause growth arrest, also induces cell dormancy, leading to stress tolerance and cell survival, depending on cellular context (20, 21) . Notably, MAF1 has been reported to be required for maintaining a cell dormancy-like state and subsequent cell survival under nutrient starvation in Plasmodium falciparum (22) . Furthermore, previous reports have revealed that MAF1 can directly or indirectly regulate Pol II-dependent genes (7, 8, 23) , indicating that MAF1 may control various cellular functions, including the malignant potential of cancer cells. However, since this study did not identify direct targets of the MAF1 gene that regulate cell mobility and survival, further exploration is required to determine the direct involvement of MAF1 in the metastatic process of CRC.
The present results obtained from clinical samples indicated an oncogenic role for the MAF1 gene in CRC; however, other reports have demonstrated a tumor suppressive role of MAF1 in other malignancies, with the exception of CRC (8, 10) . To explain this discrepancy, this study focused on the immune microenvironment, which differs markedly among tissues. Growing evidence has suggested that both tumor antigenicity and the immune environment have a marked influence on the prognosis of patients with cancer (24, 25) . In addition, because Pol III activity is known to be closely associated with the immune response in various cell types (15, 16) , the present study considered the possibility that MAF1 may serve an important role in the immune microenvironment. Immune checkpoint inhibitors are increasingly being used in the clinic, and have been reported to be very effective for the treatment of MSI-high tumors, regardless of histology (18) . This is because MSI tumors activate the immune system through producing a large number of neoantigens (18, (26) (27) (28) (29) . Notably, the present subgroup analysis using a CRC TCGA database revealed that the prognostic impact of MAF1 was more evident in MSI-high CRC, thus suggesting that MAF1 may exert its malignant potential more powerfully under immune-activated conditions. In this context, transcriptome-based gene enrichment analysis demonstrated that Treg infiltration was more abundant in tumors with high expression levels of MAF1. Tregs are known to suppress the immune response against tumor antigens in several types of tissue (30) , thus indicating a close association between MAF1 expression in cancer and immune suppression in CRC tissues. However, further investigation is required to fully understand the effects of MAF1 expression on tumor immunity.
In conclusion, the present study revealed that MAF1 expression may be considered a useful prognostic indicator in patients with CRC, particularly in MSI-positive cases. These results may help to understand the complex gene regulatory network, including both Pol II and III-dependent transcription, and may provide novel medical information that may lead to breakthroughs in the treatment of CRC.
